Through a targeted knockdown (KD) screen of chromatin regulatory genes, we identified the EP400 complex components EPC1 and EPC2 as critical oncogenic cofactors in acute myeloid leukemia (AML). EPC1 and EPC2 were required for the clonogenic potential of human AML cells of multiple molecular subtypes. Focusing on MLL-mutated AML as an exemplar, Epc1 or Epc2 KD-induced apoptosis of murine MLL-AF9 AML cells and abolished leukemia stem cell potential. By contrast, normal hematopoietic stem and progenitor cells (HSPC) were spared. Similar selectivity was observed for human primary AML cells versus normal CD34 þ HSPC. In keeping with these distinct functional consequences, Epc1 or Epc2 KD-induced divergent transcriptional consequences in murine MLL-AF9 granulocyte-macrophage progenitor-like (GMP) cells versus normal GMP, with a signature of increased MYC activity in leukemic but not normal cells. This was caused by accumulation of MYC protein and was also observed following KD of other EP400 complex genes. Pharmacological inhibition of MYC:MAX dimerization, or concomitant MYC KD, reduced apoptosis following EPC1 KD, linking the accumulation of MYC to cell death. Therefore, EPC1 and EPC2 are components of a complex that directly or indirectly serves to prevent MYC accumulation and AML cell apoptosis, thus sustaining oncogenic potential.
INTRODUCTION
The discovery of recurrently occurring mutations in genes coding for regulators and components of chromatin, such as MLL, TET2, DNMT3A, ASXL1 and EZH2 among others 1, 2 suggests that epigenetic dysfunction is a key feature of the pathology of acute myeloid leukemia (AML) and myelodysplasia. This is further emphasized by the observation of unique DNA methylation patterns in myeloid malignancy [3] [4] [5] and the clinical efficacy of azacitidine in selected cases. 6, 7 Novel approaches that target the structure or function of chromatin may prove beneficial in AML and myelodysplastic syndrome, diseases which for the most part remain fatal. 8, 9 Indicative of this, potent and selective molecules that inhibit the activity of the histone methyltransferase DOT1L, 10 the histone demethylase LSD1 11 or the epigenetic reader BRD4 12, 13 are effective in preclinical models of leukemia and are advancing toward or through early phase clinical trials.
Given the importance of disordered epigenetic regulation in AML, we performed a targeted knockdown (KD) screen of chromatin regulatory genes using human THP1 cells as an exemplar AML line, aiming to uncover novel and hitherto unappreciated critical regulators of leukemogenic potential. THP1 cells exhibit a t(9;11) translocation, which is the cytogenetic hallmark of MLL-AF9, an oncogenic fusion found in B5% of human AMLs. 14, 15 The approach was similar to that recently used to uncover a selective dependency of murine MLL-AF9;NRAS G12D AML cells on BRD4 12 and PRC2 complex components, 16 although in our study a wider range of chromatin genes was targeted and human cells were used. The screen led to our identification of the homologous Enhancer of Polycomb genes EPC1 and EPC2 as required for the functional potential of AML stem cells but not normal haematopoietic stem and progenitor cells (HSPC) . Surprisingly, KD of EPC1 or EPC2 in AML cells, but not normal HSPC, led to accumulation of MYC protein, a phenomenon that contributed to apoptotic death. Thus, counterintuitively, EPC1 and EPC2 sustain oncogenic potential by contributing to cellular processes that limit the accumulation of MYC.
MATERIALS AND METHODS

Viral vectors, antibodies, Q-PCR primers and reagents
Viral vectors, antibodies and quantitative-PCR (Q-PCR) primers and probes are listed in Supplementary Tables 1 and 2 . Cycloheximide, puromycin, neomycin, blasticidin, doxycycline, PD184352, U0126 and 10058-F4 were purchased from Sigma (St Louis, MO, USA).
Human tissue
Use of human tissue was in compliance with the ethical and legal framework of the Human Tissue Act, 2004. Normal CD34 þ mobilized HSPC surplus to requirements were from patients undergoing chemotherapy and autologous transplantation for lymphoma and myeloma. Their use was authorized by the Salford and Trafford Research Ethics Committee and, for samples collected since 2006, following the written informed consent of donors. Normal human bone marrow (BM) was collected with informed consent from healthy adult male donors, with the ethical approval of the Yorkshire Independent Research Ethics Committee. Primary human AML blasts were from Manchester Cancer Research Centre's Tissue Biobank (instituted with approval of the South Manchester Research Ethics Committee). Their use was authorized following ethical review by the Tissue Biobank's scientific sub-committee, and with the informed consent of donors.
Mice and murine experiments
Experiments were approved by the Cancer Research UK Manchester Institute's Animal Ethics Committee and performed under a project license issued by the United Kingdom Home Office, in keeping with the Home Office Animal Scientific Procedures Act 1986. C57BL/6 (CD45.2 þ ) mice were purchased from Harlan (Shardlow, UK). B6.SJL-Ptprc a Pepc b /BoyJ (CD45.1 þ ) and non-obese diabetic.Cg-Prkdc scid Il2rg tm1Wjl /SzJ (non-obese diabetic scid gamma, NSG) mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA) and bred in-house. The cohort of mice with syngeneic MLL-AF9 AML, initiated using a retroviral transduction and transplantation protocol, was generated as described. 17, 18 For secondary transplantation, experiments of either syngeneic MLL-AF9 AML cells or normal HSPC, control or Epc KD cells were flow sorted for green fluorescent protein expression 42 h following lentiviral infection and immediately injected into the tail veins of sublethally irradiated (450 cGy) mice. For xenogeneic transplantation of primary human MLL-mutated AML cells, control or EPC KD cells were flow sorted for green fluorescent protein expression 42 h following lentiviral infection and then transplanted into neonatal NSG mice. Prior to transplantation, neonatal NSG mice were sublethally irradiated (100 cGy) and treated with 50 mg anti-CD122 antibody (see Supplementary Information) by intraperitoneal injection, dosing of the latter being repeated at monthly intervals. Cells were injected into the facial vein.
Cell lines, primary KD screen, lentiviral particle manufacture and alamarBlue assays Details may be found in the Supplementary Information.
Lentiviral and retroviral infection of cell lines and primary cells
Lentiviral and retroviral supernatants were prepared, and normal and leukemic, murine and human cells were infected with viral particles as described. 11 For primary cell infections, lentiviral supernatants were on occasion concentrated using polyethylene glycol precipitation. Normal murine KIT þ HSPC were selected from BM, and human CD34 þ HSPC from aliquots of cryopreserved peripheral blood stem and progenitor cells, using anti-CD117 or anti-CD34 microbeads, respectively, and an AutoMACS Pro device (all from Miltenyi Biotec, Bisley, UK), according to manufacturer's instructions.
Clonogenic and stromal assays
Details may be found in the Supplementary Information.
Flow cytometry, apoptosis and cell cycle analysis
RNA extraction, Q-PCR, microarray hybridization and data analysis RNA extraction, Q-PCR, RNA processing for exon array analysis and processing of exon array data to produce gene level summaries for murine protein coding genes with defined human orthologs were all performed as described in detail elsewhere. 11 Preranked gene set enrichment analyses Figure 1 . EPC1 and EPC2 are required to prevent apoptosis of human THP1 AML cells. Human THP1 AML cells were infected with lentiviruses targeting EPC for KD, or a non-targeting control (NTC), with puromycin drug resistance as the selectable marker. (a) Bar chart shows mean ± s.e.m. change in resorufin signal over 4 days in EPC KD cells relative to control cells (NTC) (n ¼ 3). (b) Bar chart shows mean ± s.e.m. expression of EPC1 or EPC2 relative to control cells (n ¼ 3), and (c) representative western blots, 3 days following lentiviral infection and initiation of EPC1 or EPC2 KD. (d) Bar chart shows mean ± s.e.m. frequency of colony forming cells (CFC) enumerated following 10 days in semisolid culture (n ¼ 3) and (e) representative images from (d). For colony assays, viable cells (determined by trypan blue dye exclusion) were plated out 3 days following initiation of EPC KD. (f ) Exemplar fluorescence-activated cell sorting (FACS) plots indicate annexin V and 7-aminoactinomycin D (7-AAD) binding to EPC KD or control THP1 cells on day 7 of liquid culture. (g) Bar chart shows mean±s.e.m. CFC frequencies for control and EPC KD cells from the indicated AML cell lines enumerated after ten days in semisolid culture (n ¼ 4). were also performed as described. 11, 19 Exon array data are available in the Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo) under accession number GSE39172.
RESULTS
EPC1 and EPC2 are required to sustain the functional potential of MLL leukemia stem cells The lentiviral small hairpin RNA screen targeted 272 genes for KD in THP1 AML cells (Supplementary Table 1 ). The readout was fold change in cell biomass over four days in KD cells by comparison with control cells infected with lentivirus expressing a nontargeting (NTC) hairpin, and this was determined by paired analyses of resorufin fluorescence ( Supplementary Figure 1a ). In addition to MLL itself and MEN1, which is essential for the oncogenic potential of MLL fusion oncogenes, 20 this initial approach identified the homologous Enhancer of Polycomb genes EPC1 and EPC2 as required for AML cell proliferation and/ or survival ( Supplementary Figure 1b and Supplementary Table 3 ). There was no overlap in the preliminary screening hits identified by our study and those identified by recent studies. 12, 16 EPC is conserved and essential in yeast, fly and mouse. [21] [22] [23] [24] [25] Its gene product forms part of the EP400 chromatin regulatory complex, 26 variants of which include the TIP60 (also known as KAT5) histone acetyltransferase (HAT) complex 23, 24 and a MYC-binding complex. 27 There is no information to date as to a role for EPC in normal or malignant hematopoiesis.
Our preliminary findings were confirmed in repeat experiments (Figure 1a ), as were KD of EPC1 and EPC2 transcripts and proteins (Figures 1b and c ). EPC1 and EPC2 KD cells failed to form colonies in semisolid culture (Figures 1d and e ). The observed phenotypes were due to induction of apoptosis rather than cell cycle arrest or differentiation (Figure 1f and Supplementary Figures 1c-e ). Importantly, KD of EPC1 and EPC2 in AML cell lines representative of other molecular subtypes also caused apoptosis and loss of clonogenic potential, indicating that the dependency for EPC was not confined to the mixed-lineage leukemia (MLL) molecular subtype (Figure 1g and Supplementary Figure 1f ). To confirm the requirement for EPC in AML cells from a different species, we made use of a retroviral transduction and syngeneic transplantation model of human MLL-mutated AML. 11, 17, 18 Epc1 or Epc2 KD substantially reduced the clonogenic potential of MLL-AF9 AML cells in semisolid culture (Figures 2a-c), again due to induction of apoptosis rather than cell cycle arrest (Figure 2d & Supplementary  Figure 2a ). Similar results were obtained for murine MLL-ENL and MLL-AF10 AML cells ( Supplementary Figure 2b) , indicating that the murine phenotype was not confined to MLL-AF9-transformed cells. Forced expression of human EPC1 or EPC2 rescued the clonogenic potential of Epc1 and Epc2 KD AML cells, respectively (Figure 2e & Supplementary Figure 2c ). Secondary transplantation of 2000 Epc1 or Epc2 KD MLL-AF9 AML cells failed to initiate AML in sublethally irradiated syngeneic recipients, in contrast to control cells that induced short latency disease ( Figure 2f ). In similar experiments, EPC1 and EPC2 KD primary AML cells from patients exhibiting different MLL gene rearrangements failed to form colonies in semisolid culture (Figures 2g and h) and failed to expand in stromal coculture assays ( Supplementary Figure 2d) , in contrast to control cells. Likewise, EPC1 and EPC2 KD primary AML cells from two separate patients exhibiting different MLL gene rearrangements failed to initiate leukemic engraftment following transplantation into sublethally irradiated immune-deficient neonatal mice, in contrast to control cells that engrafted every mouse to variable extent (Figures 2i-k). Together these data demonstrate that EPC1 and EPC2 are required for the clonogenic and proliferative potential of cell lines representing a range of AML molecular subtypes. More specifically, using syngeneic and xenogeneic mouse models of MLL-mutated AML cells, our data demonstrate that EPC1 and EPC2 are required to prevent apoptosis of AML cells, and to maintain their leukemia stem cell potential.
EPC1 and EPC2 KD spares normal hematopoietic stem and progenitor cells The identification of genes and cellular pathways which are required for the proliferation or survival of leukemia stem cells but which are of less importance in normal hematopoietic stem and progenitor cells (HSPCs) is key to the development of novel leukemia-selective therapies. We observed no significant reduction in the clonogenic potential of Epc KD normal murine KIT þ BM HSPCs (Figures 3a and b ) nor any increase in apoptosis ( Supplementary Figure 3a) . This was even though the levels of Epc1 and Epc2 expression and efficiencies of KD were broadly similar to those observed in AML cells (Figures 3c and d ). Epc1 and Epc2 expression levels relative to Actb in normal HSPC were 74 ± 7% (mean ± s.e.m.) and 110 ± 17%, respectively, of those found in MLL-AF9 AML cells, as determined by quantitative-PCR ( Figure 3c ). Epc1 transcripts were reduced to 53±8% of control levels in MLL-AF9 AML cells and 56 ± 4% of control levels in normal HSPC following Epc1 KD. For Epc2 KD the values were 66±2% and 53±11%, respectively ( Figure 3c ). Experiments with normal human CD34 þ HSPC gave similar results: the clonogenic and multilineage differentiation potential of EPC KD CD34 þ cells was maintained with respect to myeloid lineage colonies, although there was a significant reduction in erythroid burstforming units (Figure 3e ). Of note, EPC1 and EPC2 are expressed in both immature and mature human BM cell populations, although the highest level of expression relative to ACTB was noted for both in the immunophenotypic HSC compartment ( Supplementary  Figures 3b and c) . In keeping with the selective requirement for EPC in leukemic hematopoiesis, it was also of note that Epc KD murine KIT þ BM HSPC could not be immortalized by MLL-AF9 ( Supplementary Figure 3d ).
To confirm these findings in an in vivo setting, we infected flow sorted murine CD45.2 þ BM KSL (KIT þ Sca1 þ Lin À ) cells (a population enriched for hematopoietic stem cells and transiently self-renewing multipotent progenitors) with lentiviruses targeting Epc for KD or a control vector, with green fluorescent protein as a selectable marker. Forty-eight hours later, 4 Â 10 4 GFP þ cells were transplanted into lethally irradiated CD45.1 þ congenic recipients with 2 Â Figure 3f ). Together these data demonstrate that AML cells, as exemplified by our detailed analyses on the MLL-mutated molecular subtype, have a dependency on EPC which, with the partial exception of BFU-E, is not shared by normal HSPC.
Transcriptional consequences of Epc KD in GMP and MLL-AF9 GMP-like cells To investigate the transcriptional consequences of Epc1 and Epc2 KD in normal and leukemic myeloid cells of equivalent immunophenotype, the transcriptome of KD or control normal granulocyte-macrophage progenitors (GMP) was compared with that of KD or control MLL-AF9 GMP-like cells using exon arrays, 42 h following lentiviral infection ( Supplementary Figures 4a-d) .
As for normal KIT þ HSPC (Figure 3a) , the clonogenic potential of Epc KD normal GMP was maintained ( Supplementary Figure 4e ). Exonic expression values were condensed to gene level summaries and, to facilitate cross species comparison, only 15920 murine protein coding genes with annotated human homologs were considered further (Supplementary Table 4 ). Comparison of the two control populations with one another revealed, as expected, significantly higher expression of genes previously associated with MLL leukemia, such as Hoxa7, Hoxa9 and Meis1, in MLL-AF9 GMPlike cells versus normal GMP ( Supplementary Figure 5a ).
Next we compared the transcriptome of Epc1 KD and Epc2 KD normal GMP and MLL-AF9 GMP-like cells with their respective control populations. As already demonstrated by Q-PCR and western blotting (Figures 3c and d) , exon array analysis confirmed that Epc expression, and the proportional extent of Epc KD, were broadly similar in normal and malignant cells (Supplementary Table 4 and Supplementary Figures 5b and c) . The first main observation was that in MLL-AF9 GMP-like cells, KD of either Epc1 or Epc2 had similar effects: changes in gene expression following Epc1 KD were highly correlated with those observed following Epc2 KD ( Supplementary Figure 5d ). Likewise, in normal GMP cells a similar positive correlation was noted ( Supplementary Figure 5e ). Thus, in a given cell type, EPC1 and EPC2 regulate similar transcriptional programs. However, the second main observation was in complete contrast: changes in gene expression following Epc1 KD in MLL-AF9 GMP-like cells exhibited minimal correlation with those following Epc1 KD in normal GMP. The same was true for Epc2 KD ( Supplementary Figures 5f and g) . Thus, in keeping with the different functional requirements for Epc in leukemic versus normal cells, Epc1 and Epc2 directly or indirectly control distinct transcriptional programs in MLL-AF9 versus normal myeloid progenitor cells. The third key observation was concordant with this: surprisingly, following Epc1 or Epc2 KD in MLL-AF9 GMP-like cells, among the genes whose expression was upregulated, there was significant enrichment of MYC module genes, genes bound by the MLL-AF9 oncoprotein and other gene sets associated with active cellular metabolism (Figures 4a  and b and Supplementary Tables 5 and 6 ). MYC module genes are genes co-occupied by MYC, MAX, MYCN, DMAP1 (an EP400 complex component), E2F1, E2F4 and ZFX in murine embryonic stem cells. 27 No such significant enrichments were seen following Epc1 or Epc2 KD in normal GMP ( Supplementary  Figures 5h and i) . In keeping with the role of MYC as a generalized amplifier of the transcription of expressed genes, 28, 29 the changes in expression of defined MYC module genes and MLL-AF9-bound genes following Epc1 KD in AML cells occurred in concert with generalized upregulation of expression of active genes (that is, those with above median array expression level) (Figure 4c ). Among the genes whose relative expression was downregulated following Epc1 or Epc2 KD in MLL-AF9 GMP-like cells, there was significant enrichment of Polycomb-related complex (PRC) module genes (Figure 4d ). PRC module genes are genes co-occupied by SUZ12, EED, PHC1 and RNF2 in murine embryonic stem cells and include lineage-specific developmental regulators. 27 By contrast, there was modest (Epc1 KD) or substantial (Epc2 KD) enrichment of PRC module genes among those upregulated in Epc1 or Epc2 KD normal GMP (Figure 4e ), suggesting divergent action of Epc on PRC module gene expression, either directly or indirectly, in leukemic versus normal myeloid cells.
These data demonstrate that the transcriptional consequences of Epc KD in MLL-AF9 GMP-like cells versus normal GMP are distinct. They also raised a question as to whether Epc KD activated MYC in leukemia cells.
Accumulation of MYC protein in AML cells upon KD of EP400 complex components
Given these observations, and the prior observation of EPC1 and EPC2 in complex with MYC, MAX, TRRAP, EP400, DMAP1 and BRD8 in murine embryonic stem cells, 27 we next investigated whether Epc KD altered expression of MYC. Although there was no significant difference in Myc transcript expression in Epc KD versus control MLL-AF9 GMP-like cells ( Supplementary Table 4 and Supplementary  Figures 6a and b) , there was a marked accumulation of MYC protein, as shown by western blotting 48 h following lentiviral infection and initiation of KD (Figure 5a & Supplementary Figure 6c ). Supplementary  Figure 6c ), in keeping with the array data. Cycloheximide chase assays in control or Epc1 KD murine MLL-AF9 AML cells demonstrated the expected rapid turnover of MYC in control cells (half-life B15 min). By contrast, in Epc1 KD cells the half-life of MYC was longer (B50 min) (Figure 5c ), suggesting that EPC directly or indirectly regulates turnover of MYC. Of note, steady state whole cell MYC protein levels did not differ substantially in MLL-AF9 AML cells by comparison with KIT þ normal BM HSPC ( Supplementary Figure 6c) .
These data raised the question as to whether EPC alone regulates MYC levels in AML cells or, alternatively, whether this is also a property of other EP400 complex components. To address this we induced KD of EP400 complex component genes 26 in murine MLL-AF9 AML cells and human THP1 AML cells. Of those tested, accumulation of MYC was noted in cells following KD of EPC1, EP400, DMAP1, VPS72, RUVBL1, RUVBL2 and MORF4L1 (Figures 5d and e ). In THP1 AML cells, KD of DMAP1, VPS72, RUVBL1, RUVBL2 and MORF4L1 also limited proliferation through induction of apoptosis (Figures 5f-h) . We also noted accumulation of MYC protein following EPC KD in other human AML cell lines, Supplementary Table 7) following Epc1 KD in MLL-AF9 GMP-like cells. The x axis crosses at the median expression value for all protein coding genes. Gray dots represent the 15 920 protein coding genes represented on the array that have annotated human orthologs; blue dots represent MYC module genes; red dots represent PRC module genes. (d) GSEA plots show relative downregulation of PRC module genes in Epc1 and Epc2 KD MLL-AF9 GMP-like cells and (e) upregulation of PRC module genes in Epc1 and Epc2 KD GMP cells by comparison with control cells. NES-normalized enrichment score; FDR-false discovery rate. Gene sets are shown in Supplementary Table 8. including Kasumi1, NB4, HL60 and U937 ( Supplementary  Figure 6d ) indicating that the phenomenon was not confined to MLL-mutated AML cell lines. Together these data suggest a general role for the EP400 complex in regulating MYC turnover in AML cells, and in preventing leukemia cell apoptosis. They also provide an explanation for the transcriptional changes observed following Epc KD: accumulation of MYC protein.
MYC contributes to AML cell apoptosis following EPC1 KD Using THP1 cells as a model system, we next investigated whether the accumulation of MYC following EPC1 KD is mitogen-activated protein kinase dependent, because MYC is stabilized by MAPK1/ MAPK3 (ERK2/ERK1) signaling through phosphorylation of serine 62. 30 Treatment of control and EPC1 KD cells with U0126 or PD184352, compounds which are selective inhibitors of MAP2K1/2 (MEK1/2), blocked MAPK1/MAPK3 phosphorylation, reduced baseline levels of MYC, largely abolished the accumulation of MYC seen following EPC1 KD (Figure 6a ) and induced a G 1 cell cycle arrest ( Supplementary Figure 7) . Importantly, treatment of EPC1 KD cells with MAP2K1/2 inhibitors significantly reduced the proportion of apoptotic cells 96 h following lentiviral infection and initiation of KD (Figures 6b and c) , without inducing substantial apoptosis of control cells, and significantly increased the total number of surviving cells at 120 h (Figure 6d ). Thus, EPC1 KD-dependent accumulation of MYC and onset of apoptosis requires MAP2K1/2 activity.
To determine directly whether MYC contributes to apoptosis following EPC1 KD, we treated control and KD THP1 AML cells with 10058-F4, a small molecule inhibitor of MYC:MAX dimerization. 31 In the presence of 100 mM 10058-F4, there was a modest increase in apoptosis of control THP1 cells (Figure 7a ) together with a G 1 cell cycle arrest ( Supplementary Figure 7) , observations which are in keeping with the requirement for MYC in AML cells and a previous study of the effects of this compound in human AML cell lines. 32 In complete contrast, in EPC1 KD cells 10058-F4 treatment significantly reduced the proportion of apoptotic cells 72 and 96 h following initiation of KD (Figures 7a and b) , and significantly increased the total number of surviving cells at 120 h (Figure 7c ). Of note, 10058-F4 did not block EPC1 KD-induced accumulation of MYC, although baseline levels of the protein were higher in 10058-F4 treated versus vehicle-treated control cells (Figure 7d ). Similar results were obtained using a double KD approach. Whereas MYC KD to 23±3% of control levels (Figure 7e ) significantly increased apoptosis compared with control cells (Figure 7f ), concomitant MYC and EPC1 KD both blocked the accumulation of MYC protein (Figure 7g ) and reduced the proportion of apoptotic cells by comparison with EPC1 KD alone (Figure 7f ). Together these data demonstrate that apoptosis of AML cells following EPC1 KD is dependent, at least in part, on MYC.
Finally, we tested the effect of acutely increasing cellular MYC levels in THP1 cells using a doxycycline-inducible system. Induction of MYC (Figure 7h ) led to a significant and persistent increase in apoptotic cells (Figures 7i and j) and a consequent modest but significant reduction in proliferation (Figure 7k ). However, the extent of the reduction in proliferation following MYC induction did not approach that observed following EPC1 KD indicating that while MYC contributes to the onset of apoptosis following EPC1 KD, EPC1 likely serves additional critical roles in AML cells over and above regulation of MYC.
DISCUSSION
EPC1 and EPC2 are components of an essential chromatin regulatory complex which is conserved from yeast to man. 24 The yeast homolog Epl1 is near exclusively found in two complexes: a three protein complex (termed Piccolo NuA4), which additionally contains yeast homologs of mammalian ING3 and the HAT TIP60, and a larger complex, NuA4 (for nucleosome acetyltransferase of H4), which in addition to Piccolo NuA4 components includes yeast homologs of mammalian TRRAP, EP400 and DMAP1, among others. 23, 24 A region at the N-terminal of Epl1 tethers Piccolo NuA4 to nucleosome core particles. 33 Deletion of Epl1 in yeast causes accumulation of cells in G 2 M, increased sensitivity to DNA damaging agents, defective telomeric silencing and global loss of histone H2A and H4 acetylation. 23 Genetic studies in Drosophila suggest an important role in gene silencing: in heterozygous condition E(Pc) mutations markedly enhance the homeotic transformations characteristic of the Polycomb phenotype 21 and are strong suppressors of position effect variegation. 34 In mammalian biology, although a role for EPC1 in regulating skeletal muscle differentiation has been reported, and Epc1 À / À mice die in early gestation, 25 little is known of any role for EPC in normal or leukemic hematopoiesis. Interestingly, EPC1 is mutated by chromosomal translocation in endometrial stromal sarcoma, resulting in a novel EPC1-PHF1 fusion gene, 35 and in adult T-cell leukemia/lymphoma SO4 cells resulting in a novel EPC1-ASXL2 fusion gene, 36 although the functional consequences of these fusions are not clear. More broadly the TIP60 complex has roles in transcriptional control, cellular growth control and DNA double strand break repair. 37 EPC is found in several protein complex settings in mammalian cells. In murine ESCs, as in yeast, both DMAP1 and TIP60 immunoprecipitations pull down most members of the conserved TIP60 complex including EPC1 and EPC2. However, in contrast to yeast and reflecting the evolutionary development of MYC, MYC's immunoprecipitation pulled down MAX, TRRAP, EP400, DMAP1, BRD8, EPC1 and EPC2 but not TIP60. 27 A similar complex that included RUVBL1 and RUVBL2 was identified following EP400 pull down in HeLa cells. 26 This indicates that, at least in embryonic stem cells and carcinoma cells, association with an EP400 complex that includes EPC, but not necessarily TIP60, represents the predominant protein:protein interaction made by MYC:MAX dimers. The functional importance of the association of MYC with EP400 complex components is reflected by prior observations that TRRAP and RUVBL1, both of which directly interact with MYC, are required for the in vitro transformation of rat embryonic fibroblasts by MYC and HRAS G12V. 38, 39 EPC1 also interacts with E2F6 and the H3K27 methyltransferase EZH2 in proliferating but not quiescent human diploid fibroblast TIG3 cells. 40 Our studies have uncovered a critical role in leukemic hematopoiesis for EPC1 and EPC2 in particular, and EP400 complex components in general: AML cells representing multiple molecular subtypes, but not normal HSPC, are selectively sensitive to EPC1 and EPC2 KD. This is of significance because there are enzymatic activities within the EP400 complex that could be targeted therapeutically, such as the ATPase or DNA helicase activities of RUVBL1, RUVBL2 or EP400. Indeed, RUVBL2 has also recently been reported to be a candidate therapeutic target in AML 41 , and inhibitors for homologs of the bromodomain protein BRD8 have been developed. 12, 13 Remarkably, apoptosis of AML cells was due, at least in part, to acute accumulation of the oncoprotein MYC. This accumulation was observed following KD of multiple EP400 complex component genes and in multiple AML cell lines, indicating that it was not associated with any one particular transforming oncogene. Deregulated MYC expression is associated with both oncogenic transformation and apoptosis, although the reasons for these different biological outcomes are not fully understood. In fact, MYC-induced apoptosis has been suggested to represent an important natural tumor suppressor mechanism. 42 Although low level deregulated expression of Myc in vivo induces proliferation in pancreatic islet cells and is potently tumorigenic in collaboration with other genetic lesions such as RAS G12D, higher level expression induces apoptosis (although this too may be overcome to oncogenic effect by concomitant forced expression of Bcl2). 43, 44 Apoptosis associated with high level MYC expression is also observed in serum-deprived MYC-expressing Rat-1 fibroblasts. 45 In keeping both with these observations and the requirement for MYC in AML, 12 we observed that in THP1 AML cells both KD (Figure 7f ) and forced expression ( Figure 7i ) of MYC induced apoptosis, suggesting that an optimal cellular level of MYC is required. The accumulation of MYC following EPC1 KD contributed to apoptosis, as evidenced by pharmacological and genetic KD approaches, although its extent was much greater than in cells in which Myc expression had been induced without EPC1 KD. This suggests that EPC1 has additional critical functions in AML cells over and above regulation of MYC. Given the important role of the TIP60 complex in DNA damage repair 37 and that EPC may function to tether the complex to chromatin 33 one potential explanation for our observations is that the phenotype is the consequence of the combined effect of impaired DNA damage repair and accumulation of MYC.
It remains unclear why MYC accumulates following EPC KD in AML cells. Cellular levels are normally controlled by tight regulation of the synthesis and destruction of both transcript and protein. 46, 47 Proteolysis is regulated by physical interactions with other proteins and post-translational modifications such as phosphorylation, acetylation and ubiquitylation. [46] [47] [48] Indeed a prolonged MYC half-life has been implicated as an oncogenic mechanism in Burkitt's lymphoma with P57S or T58A MYC mutations 49 or precursor T-acute lymphoblastic leukemia with FBXW7 mutations. 50 Our observation of an increased cellular halflife of MYC following EPC KD as well as the known binding of the EP400 complex to MYC:MAX dimers 27 suggests that the complex may directly promote turnover of MYC in AML cells by, for example, preventing its stabilization by HATs such as GCN5L2, PCAF, TIP60, CREBBP and EP300, preventing its phosphorylation by mitogen-activated protein kinase pathway effectors or promoting its degradation by E3 ligases. 46, 47, [51] [52] [53] Interestingly, we have recently reported that depletion of EP300 or its co-factor TTC5 in AML cells also results in accumulation of MYC protein, 54 suggesting a complex regulation of MYC levels in hematopoietic cells by multiple factors active genome wide at promoters. These observations prompt further speculation that the recurrently occurring mutations in TRRAP, EP400 and HATs identified in solid and liquid tumors by high throughput sequencing efforts 55 may alter cellular levels of MYC as a mechanism of oncogenic transformation. Likewise, it also remains unclear why there is a differential requirement for EPC in normal versus leukemic cells. Elaboration of the binding pattern of EP400 complex components to chromatin in normal HSPC versus leukemic cells and, more generally, enhanced understanding of the differences in the structure and function of chromatin between these two cell types may provide an explanation for our observations. Indeed, understanding the ways in which the chromatin architecture of the two cell types differ is an important approach to the identification of candidate therapeutic targets and strategies.
